Single crystals of Ca 15 (CBN) 6 (C 2 ) 2 F 2 were obtained by the reaction of graphite, hexagonal BN and CaF 2 with an excess of distilled Ca metal in silica-jacketed Ta ampoules at 1300 K. The title compound is transparent red and crystallizes isopointal to Ca 15 (CBN) 6 (C 2 ) 2 O adopting the cubic space group Ia3d (no. 230, Z = 8) with the cell parameter a = 1653.6(4) pm. Its vibrational spectra are compared with IR and Raman data of similar compounds from the literature and with the newly measured Raman spectra of Ca 5 (BC 2 )(C 2 )Cl 3 and Ca 9 (BC 2 ) 2 Cl 8 .
Introduction
The characterization and preparation of the first compound containing the CBN 4− ion by Meyer [1] was achieved nearly simultaneously to the theoretical prediction of its existence by Pyykkö et al. [2] . Following this very closely in time, some more compounds containing this specific anion were prepared and characterized, such as Ca 3 (CBN)Br 2 and Sr 3 (CBN)Cl 2 [3] , or Ca 9+0.5x (BN 2 ) 6−x (CBN) x [4] and Ca 15 (CBN) 6 (C 2 ) 2 O [5] .
We present here the synthesis, the single-crystal structure determination and the vibrational spectra of Ca 15 (CBN) 6 (C 2 ) 2 F 2 , one more member of this class of compounds. Additionally, we compare the vibrational data of related compounds obtained either from literature or from our own measurements.
Experimental Section

Synthesis
All manipulations were performed in a glove box under purified argon unless otherwise stated. 360 mg (9 mmol) Ca (99.99 %, distilled, dendritic pieces, Aldrich), 40 mg (0.51 mmol) CaF 2 (99.9 %, powder < 5 microns), 75 mg (3.02 mmol) hexagonal BN (99+ %, powder, Strem, degassed at 670 K under dynamic vacuum for 2 h) and 70 mg (5.83 mmol) graphite (99.999 % powder, 325 mesh, degassed at 670 K under dynamic vacuum for 2 h) were arc-welded 0932-0776 / 10 / 1200-1409 $ 06.00 c 2010 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com into a clean Ta container. The metal container was sealed into an evacuated silica tube. The tube was placed upright in a box furnace and heated to 1300 K within 12 h. After 2 d reaction time the furnace was switched off and allowed to cool to r. t. The product contained nearly exclusively transparent, dark-red crystals of the title compound and a surplus of unreacted Ca metal. This surplus metal was found to be necessary since it serves as a melt and prevents the compound from losing Ca metal due to the relatively high Ca vapor pressure at elevated temperatures. Ca 15 (CBN) 6 (C 2 ) 2 F 2 decomposes in a few minutes when exposed to moist air.
Qualitative elemental analyses performed on small samples (50 -100 mg) of the product under normal atmosphere for carbon (to some of the product a drop of half-concentrated HCl was added and a drop of saturated Ba(OH) 2 solution at the end of a glass rod held over this turned quickly milky-white), boron (Pt wire moistened with half-concentrated H 2 SO 4 and then covered with the decomposition product resulted in a green coloring of the hot Bunsenburner flame), fluoride (a few drops of half concentrated H 2 SO 4 with a sample of the product in a small, dry glass tube showed the typical 'etching effect': the acid did not wet the glass after some time) and nitrogen (a sample of the product put into Neßlers' reagent showed typical yellow-brown precipitating flakes) were all positive for the respective element. The presence of Ca is indicated by its visible spectrum observed with the help of a hand-held spectrometer while some sample is sprinkled into the hot Bunsen burner flame, while the acetylide moiety was clearly identified by its typical Raman spectrum (see below). 
Raman and IR spectroscopy
Single crystals of Ca 15 (CBN) 6 (C 2 ) 2 F 2 sealed under a protective argon atmosphere in Mark capillaries were used for the Raman investigations (microscope laser Raman spectrometer: Jobin Yvon, 1 mW, excitation line at λ = 632.817 nm (HeNe laser), 20× magnification, 3600 s accumulation time, Fig. 1 ).
The IR spectrum (also Fig. 1 ) was obtained with a Bruker AFS 66 FT-IR instrument with the KBr pellet technique (2 mg product were ground together with 400 mg thoroughly dried KBr). The IR spectrum shows absorptions typical for CO 2 (around 2350 cm −1 for the symmetric and in the region between 1300 -1500 cm −1 for the asymmetric stretching mode) since the measurements were performed in normal, but dry atmosphere due to the set-up of the instrument used.
For comparison, the Raman spectra of the compounds Ca 5 (BC 2 )(C 2 )Cl 3 [6] and Ca 9 (BC 2 ) 2 Cl 8 [7] were recorded on single crystals in Mark capillaries sealed under a protective argon atmosphere (microscope laser Raman spectrometer: Jobin Yvon, 4 mW, excitation line at λ = 632.817 nm (HeNe laser), 100× magnification, 6 × 30 s accumulation time) since these had not been reported yet (Fig. 2) . The valence force constants were calculated according to the method of Siebert [19] if the necessary data were known. The results are displayed in Table 1 .
Crystallographic studies
Samples of the reaction mixture were removed from the glove box in polybutene oil (Aldrich, M n ∼ 320, isobutylene > 90 %) for single-crystal selection. A suitable single crystal was selected under a polarization microscope, mounted in a drop of polybutene sustained in a plastic loop, and placed onto the goniometer. A cold stream of nitrogen (T = 173(2) K) froze the polybutene oil, thus keeping the crystal stationary and protected from oxygen and moisture in the air. Preliminary examination and subsequent data collection were performed on a Bruker X8 Apex II diffractometer equipped with a 4 K CCD detector and graphitemonochromatized MoK α radiation (λ = 71.073 pm). The orientation matrix and the respective lattice parameters were obtained by using APEX2 [20] . The internal R value of R int = 0.097 is relatively high. In the SHELXL-97 manual [21] it is pointed out that generally R int should be below 0.1 for a correct assignment. It also has to be taken into account that many symmetry-equivalent reflections have to be merged for this high-symmetry cubic Laue group. Therefore, R int Table 1 . Structural and optical properties of compounds containing selected di-and triatomic moieties consisting of atoms of the second period. Raman data are given in bold. Underlined figures were obtained in the frame of this work. is in the acceptable range. The program SAINT [22] was used to integrate the data. An empirical absorption correction was applied using SADABS [23] . The initial input file was prepared by XPREP [24] . The crystallographic coordinates of Ca 15 (CBN) 6 (C 2 ) 2 O [5] transformed with STRUCTURE TIDY [25, 26] were used as a starting model, but owing to the different charges of O 2− and F − the model we employed had a site occupation factor of 100 % on the 16a site. This model was refined by full-matrix least-squares techniques with the use of SHELXL-97 [21] and converged to a stable structure. The residual electron densities are low at 0.38 eÅ −3 (109 pm to N1) and −0.46 eÅ −3 (40 pm to F). Additional crystallographic details are described in Table 2 . Atomic coordinates and equivalent isotropic displacement coefficients are shown in Table 3 , Table 4 displays the anisotropic displacement parameters.
Further details of the crystal structure investigation may be obtained from Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: (+49) 7247-808-666; e-mail: crysdata@fiz-karlsruhe.de, http:// www.fiz-karlsruhe.de/request for deposited data.html), on quoting the depository number CSD-422011 for Ca 15 (CBN) 6 (C 2 ) 2 F 2 .
Results and Discussion
Optical spectra
The IR spectrum of the title compound is, as expected, nearly identical to the one reported for Ca 15 
, with n being the number of reflections and p being the number of refined parameters. from the values observed in the IR spectrum. The observed spectra are in good ageement with those reported for other acetylide containing Ca compounds (Table 1 ) with respect to wavenumbers at which the active modes are observed and also with respect to the resulting valence force constant f calculated according to the method of Siebert [19] . The B=N force constants of compounds containing (BN 2 ) 3− and the C=C force constants of Ca 3 (C 3 )Cl 2 are found to be in the same 
range (around 8.0 N cm −1 ) whereas the B=C force constant around 6.0 N cm −1 is somewhat weaker, and the one for the acetylide anion is stronger as expected for a triple bond (12. 0 N cm −1 ). For (CBN) 4− compounds, the calculated valence force constants f (C=B) are with 5.5 -6.1 N cm −1 in the same range as found for [BC 2 ] 5− compounds, but the B=N bond seems to be weakened as indicated by f (B=N) values between 6.1 -6.9 N cm −1 .
The Raman spectrum of the extremely bent (BC 2 ) 5− anion in Ca 9 (BC 2 ) 2 Cl 8 [7] with C 2v symmetry and the Raman as well as the IR spectrum of the (CBN) 4− anion with C ∞v symmetry observed in Ca 15 (CBN) 6 (C 2 ) 2 F 2 exhibit all three modes ν sym , ν asym and δ (the modes are -not in accordance with the real symmetry -named in analogy to triatomic moieties with D ∞v symmetry) expected for a triatomic unit due to the decrease in symmetry. It is noteworthy that the antisymmetric stretching mode was not observed in the Raman spectrum of the compound Ca 5 (BC 2 )(C 2 )Cl 3 [6] despite its similarity to Ca 9 (BC 2 ) 2 Cl 8 [7] regarding the symmetry and coordination of the (BC 2 ) 5− moiety. The only difference is the bending angle of the anion, which at 161.5 • for Ca 9 (BC 2 ) 2 Cl 8 deviates more from linearity than the angle of 164.0 • for Ca 5 (BC 2 )(C 2 )Cl 3 and therefore might be the reason for the different behavior.
Crystal structure
The crystal structure is isopointal to that of Ca 15 (CBN) 6 (C 2 ) 2 O [5] with the only difference that the 16a site of the former compound is only occupied to 50 % by oxide anions whereas the same site of the title compound is occupied to 100 % by fluoride anions which balance the charges to neutrality according to the formula (Ca 2+ ) 15 (CBN 4− ) 6 (C 2 2− ) 2 (F − ) 2 . As described in detail for Ca 15 (CBN) 6 (C 2 ) 2 O [5] , the structure resembles the garnet structure and is rather complex as demonstrated by the non-perspective (Fig. 3) view of the unit cell. The coordination geometry of the anions shows similarities to that in other alkaline earth metal compounds. The fluoride anion is coordinated by six Ca cations in nearly perfect octahedral fashion (Fig. 4a) , which is not unusual. The C1/N1 end atoms of the nearly linear (CBN) 4− ion are each surrounded by five metal ions in the form of a tetragonal pyramid with the square bases orientated to each other in an antiprismatic fashion (Fig. 4b) . For comparison, the linear (BN 2 ) 3− anion in Ca 3 (BN 2 ) 2 [4] is coordinated in a similar way, but the bases are orientated to each other in a prismatic way. If the anions are more bent as in Ca 3 (C 3 )Cl 2 [12] , Ca 5 (BC 2 )(C 2 )Cl 3 [6] or Ca 9 (BC 2 ) 2 Cl 8 [7] (Table 1) , the coordination sphere resembles very closely a bicapped trigonal prism. The possibility has already been discussed (e. g. for (CN 2 ) 2− [27] or for (BC 2 ) 5− [6] ) that coordinative needs are responsible for the bending angle of the respective triatomic moiety, which does not take too much of an energetic effort and is possibly due to the low bending constants. The bending of the triatomic unit does not alter the bond lengths much as can be seen for the (BN 2 ) 3− and the (BC 2 ) 5− anions ( Table 1 ). The observed C1/N1-B distance of 141.7 pm is an average of the B=N and B=C bond lengths due to the symmetry equivalence of the (N1-B-C) 1× 178.5 (8) capped trigonal prism of calcium cations (Fig. 4c) as observed for C 2 2− in Ca 5 (BC 2 )(C 2 )Cl 3 [6] . However, in CaC 2 [8] six Ca 2+ surround the acetylide anion forming an octahedra are squashed along the tetragonal axis but with similar bond lengths (1 × 260 and 4 × 281.3 pm in CaC 2 compared to 3 × 273.0 and 3 × 297.4 pm in the title compound). In Table 5 the distances are given for one C atom only. The carboncarbon distance of 109 pm seems to be unrealistically short and is probably due to a precession motion which is averaged by X-ray methods as observed with Ca 5 (BC 2 )(C 2 )Cl 3 [6] and Ca 15 (CBN) 6 (C 2 ) 2 O [5] . Correcting the bond length by geometric calculations, the resulting bond length of the diatomic oscillator is close to 120 pm.
Conclusion
The compound Ca 15 (CBN) 6 (C 2 ) 2 F 2 has been synthesized and characterized by X-ray single-crystal methods and both Raman and IR spectroscopy. The measured atomic positions are very similar to those of the isopointal compound Ca 15 (CBN) 6 (C 2 ) 2 O [5] . Similarly, the observed bond lengths and optical data are quite close to those observed for other compounds containing similar ions.
Raman data of the related compounds Ca 5 (BC 2 )(C 2 )Cl 3 and Ca 9 (BC 2 ) 2 Cl 8 complete the picture of the 'averaged' (CBN) 4− anion with symmetry-equivalent C1 and N1 positions, a slightly weakened B=N bond and a more or less freely rotating acetylide anion.
